Direct drive permanent magnet synchronous generators have numerous advantages such as improved reliability, low maintenance, long life, and developed performance characteristics. In recent years, many researchers have worked on this generator to enhance the performance of the generator, especially for the wind turbine application. The focus of this paper is on the development of a step-by-step method for the design of a permanent magnet synchronous generator. Then the winding function method is used to model the generator and calculate its output characteristics analytically. The analytical results of the designed generator are validated using the finite element analysis (FEA) and it is demonstrated that the obtained results from both methods are in great agreement with the experimental measurements of the Northern Power direct-drive generator. The sensitivity analysis and optimization procedure based on the genetic algorithm are used to design an optimum generator. The optimization goal is obtaining higher efficiency and power factor with lower voltage regulation and required permanent magnet volume compared to the initial design. In addition, the calculation of the voltage total harmonic distortion (THD) is presented and the optimum skew angle for the optimum generator is computed to reduce the voltage THD.
I. INTRODUCTION
In recent years, direct drive permanent magnet synchronous generators (DD-PMSG) have been widely used in large-scale wind turbines because of their improved reliability, low maintenance, long life-time, and upgraded performance characteristics that are required in wind power generators [1] - [3] . However, the main drawbacks of these generators are large dimensions, and consequently, the greater weight and material costs, especially for the PMs. It is clear that the optimal design must be oriented to minimize the required PM volume without sacrificing the generator performance [4] .
The previous research on the PMSGs can be categorized into three specific subjects: 1) Design, Optimization, and Structure Improvement: A direct driven permanent magnet synchronous generator has been designed using the finite element method (FEM) in [5] , and good agreement between the simulation and the experimental results is found. In [6] , a multiobjective optimization function is employed to design a PMSG with maximum annual energy production and minimum permanent magnet volume. The direct drive PM generator design can be optimized to achieve different purposes such as the minimal generator active material cost [7] , the minimal power loss cost (considering the annual wind profile) [8] and the maximal air gap apparent power (under tangential stress constrain) [2] . In addition, PMSG can be designed and utilized for specific applications such as telecom tower wind turbine [9] and energy recovery system [4] . In recent years, the design of multiphase PMSG is developed and these types of generators are promising [10] . Considering the high amount of expensive materials used in the PMSGs, estimating the lifetime cost of the generator can be worthwhile for design optimization [11] , [12] . In [13] , authors have presented an optimal design of E-mail addresses: alemi@ari.ac.ir (Mehdi Alemi-Rostami), s.g.rezazadeh.s@gmail.com (Ghasem Rezazadeh), Ramin.alipoursarabi@gmail.com (Ramin Alipour-Sarabi), and Tahami@sharif.edu (Farzad Tahami) .
high-speed slot-less PMSG with surface-mounted magnets and soft magnetic composite (SMC) stator yoke. Studying the effect of the electrical steel properties on the temperature distribution in PMSG is addressed in [14] . Some promising research has been done in order to reduce the weight and temperature of PMSG stator [3] , [15] and to increase the rotor speed [16] . In [17] , authors use a multi-physics model comprising six sub-models that are electrical, magnetic, thermal, mechanical, geometrical, and economical to design an optimum 55kW PMSG. Several optimization methods are presented in the literature for designing PM synchronous machines such as Sequential-Stage strategy [18] , Interactive multi-objective [19] , Monte Carlo [20] , and Multi-Objective Genetic Algorithm [21] .
2) Analysis and Modeling:
There are so many papers discussing the analysis and modeling of PMSGs, and they are almost based on some excellent pioneer works in 80's [22] , [23] . The analytical model for PMSG can be derived using the electromagnetic equations. To solve these non-linear equations, a transformation is adopted to simplify the non-linearity problem; otherwise, FEA will be used [24] , [25] . Subsequently deriving an equivalent circuit and estimating its parameter seem necessary to represent machine performance straightforwardly [26] . However, in many applications such as small wind power system, the uncomplicated equivalent circuit model consisting of internal voltages and phase inductances is used to simplify the wind power system analysis [27] .
3) Control and Performance Enhancement:
After designing and modeling the PMSG, choosing a worthwhile control strategy and employing an optimized controller are the next fundamental step to enhance the machine performance [28] , [29] . In the control system research, another challenge is providing an observer system for the sensor-less control methods [30] .
This paper mainly presents the design procedure of the direct drive permanent magnet synchronous generator with large size, which is excellent for the wind turbine application. In this essence, an optimum 1.5 MW PMSG is designed through some steps as the initial design. The performance of the designed generator is calculated using the presented analytical model based on the winding function analysis [31] . The analytical results are validated with the experimental results of the Northern Power direct-drive generator from [32] . After that, PMSG's dimensions are optimized using genetic algorithm (GA) method [33] to reduce the required PM volume and voltage regulation and to enhance the efficiency and power factor compared to the initial design (Northern Power generator). In addition, choosing an appropriate skew angle for the optimum generator is studied based on the winding function analysis to obtain the lowest voltage THD with respecting the voltage drop limitation. In the last step, 2-D FEA is used to verify all the analytical results for the performance of the initial and optimum designs. The simulation results for the initial design are compatible with the experimental results of the Northern Power generator.
II. DESIGN METHOD
The design process of an electrical machine is comprised of four basic parts: input variables, assumptions, output variables, and design procedure. These parts are defined in Fig.1 where the design method is described using a graphical algorithm. To design the case study PMSG, the first two basic parts that are input variables and assumptions, are presented in Table I . Fig. 2 shows the third part (output variables) of the design process for the case study PMSG.
In the last part of the PMSG design process namely as design procedure, the PM synchronous generator is designed through definite sequential steps that the results of each step is necessary for the next step. These steps will be continued until all the output variables are found. To describe the design procedure of the case-study PMSG, the design algorithm is presented in Fig. 3 . In the first step, PMSG's main characteristics should be determined, then the stator dimensional parameters are calculated. After ensuring that no saturation occurred in the core, mechanical air gap length, rotor dimensional parameters, and performance indicating parameters are calculated in the next steps of the proposed algorithm. Finally, the output power and voltage should be examined to make sure that the PMSG output characteristics are acceptable. Some well-known equations used in the design algorithm are presented in detail as follows: 
A. Stator main dimensions
where the per phase turn number (N ph ) plays the main rule to adjust the phase induced EMF.
C. Stator slot dimensions
Two restrictions should be respected in this sizing. First, the slot should have enough area (A slot ) to settle conductors considering the slot copper fill factor and the conductor area (A con ) [34] :
Second, the tooth should be wider than the specified minimum width (ω tmin ) to avoid the tooth saturation occurrence [34] :
where S s is the stator slot number.
D. Air gap mechanical length
The generator performance highly depends on the length of the air gap. The air gap should be small to minimize the dimensions/size of the required permanent magnets. The mechanical stiffness and the thermal expansion of the generator limit the minimum air gap length. In this paper, the minimum air gap length is assumed 4 mm [32] and minimum utilized air gap length is 4.7 mm considering the results of deflection analysis from [32] .
E. Permanent magnet sizing
The permanent magnet volume used in the rotor structure depends on the quality of PM material and the machine air gap power (P ag ). PM quality can be described by its maximum energy content, which is determined by the remanent flux density and coercive force of PM.
where cv is a constant value determined by the magnet utilization coefficient, generator overload capacity, and rotor structure. The utilized PM in this paper is NdFeB type with the maximum allowable temperature of 155 o C. To produce the certain PM flux density in the air gap (B gPM ), the PM width is supposed to be greater than the ω PM1 [35] :
where k sat is the saturation factor. The minimum PM width to avoid demagnetization under short overload is [35]:
where k J is the stator MMF distribution factor and k l is the maximum overload factor. Because both of these limitations should be met, the highest PM width between the PM1 and PM2 will be chosen for the required PM width.
III. PERFORMANCE ANALYSIS
It is necessary to analyze the designed PMSG performance mathematically. The PMSG performance parameters are calculated through the steps demonstrated in Fig. 3 . The first step is to calculate the PMSG losses such as copper, core, magnet, additional, friction and windage losses. This calculation requires some well-known equations, which are available in [36] , [37] . Other steps are defined as follows:
A. Winding function analysis
The winding function is the cumulative sum of the turn numbers of a phase winding along the stator periphery. The total winding function is the sum of all phase winding functions taking their spatial phase shift into account [31] , [38] :
In (8), θ is the spatial phase shift between phases, N i is the winding function value for phase i, and m is the number of stator phases.
B. Winding factor and stator-rotor mutual inductance
The winding factor for h th harmonic can be determined using FFT results of the total winding function [31] , [38] :
The stator-rotor mutual inductance can be described as [38] :
C. Leakage inductances
To calculate the harmonic leakage inductance (Lh), an alternative method is to use of finite harmonics approach (based on Görges polygon diagram analysis) [31] , [38] :
where Rp is the radius of gyration of fundamental harmonic in Görges polygon, R g is the radius of gyration in Görges diagram and I 1 is the amplitude of the stator current. The slot, tooth tip, and end winding leakage inductance are three other parts of the stator leakage inductance. Several expressions exist in literature to compute these leakage inductances [31] :
where l ew is the average length of end-winding, n c/ph is the coil number per phase, and N c is the conductor number per coil.
D. Voltage regulation
In the nominal condition, the output voltage is [36]:
where V drop and θ drop are the amplitude and the phasor of the voltage drop across the stator impedance, respectively. The voltage regulation is defined as:
The calculation and FEA simulation results for the initial design PMSG are reported in Table II compared to the experimental results from [32] . It is clear that the initial design results well match with the experimental measurements.
IV. SENSITIVITY ANALYSIS
In order to design the optimum PMSG, it is necessary to study the effect of each parameter on the PMSG performance. The effect of stator, rotor, and PM dimensions on the power factor, efficiency, and the voltage regulation are studied. The results are briefly presented in Fig. 4 to Fig. 6 . As can be seen, every single physical parameter affects one or more performance associated parameters and these changes would be in different directions. In other words, changing a design parameter can improve one performance parameter but worsen another one.  In a determined nominal power, using larger generator diameter and length results in lower voltage regulation ( Fig. 4) , because the nominal voltage is enhanced and the nominal current is reduced. However, using larger dimensions for the generator means more required PM volume.  It is shown in Fig. 5 that increasing the slot dimensions enhances the PMSG efficiency by increasing the copper filled area in each slot, which decreases the copper loss. On the other hand, this alternation heightens the slot leakage inductance value and consequently decreases the PMSG power factor.  Fig. 6 shows the variation of the PM volume and power factor in terms of the PM dimensions. The obvious undesired results of increasing PM dimensions are increasing PM volume and consequently PM cost. However, increasing the PM dimensions results in higher power factor. As it is clear, there is no simple solution to find the dimensions of the optimum generator. Thus, a search algorithm should be used to find the best solution, which presents the highest efficiency and power factor as well as the lowest voltage regulation and required PM volume. The importance of defining an appropriate optimization solution is depicted using the sensitivity analysis in this section.
V. OPTIMIZATION
In this section, the optimization problem is defined and solved to calculate the dimensional parameters of the optimum PMSG. The considered optimization problem has three main parts: the objective function, parameter boundaries, and optimization method.
A. Objective function
The performance parameters are the main objectives in the optimization problem and it can be described as the product of these parameters. The exponents are used to assign weights to the performance parameters in the objective function. Therefore, the objective function is expressed as: 
where η is the machine efficiency.
B. Parameters boundary
Some constraints should be considered for the design variables because of the electromagnetic and mechanical limitations, such as: 1) the maximum flux density of the teeth is the most important constraint and the critical factor to monitor the saturation phenomena. 2) The minimum air gap length is limited because of the mechanical restrictions. 3) In the conductors, the maximum current density should be determined to mind the thermal considerations. 4) The minimum slot area should be provided to place the coils in the slots. 5) The permanent magnet thickness should be higher than a specific value to prevent the demagnetization. 6) The PM volume should be large enough to produce the desirable output power. The considered boundaries for design parameters are presented in Table III and are closely related to the assumption parameters introduced previously.
C. Optimization method
In this paper, the well-known optimization method, Genetic algorithm (GA), is employed. The GA is a metaheuristic optimization method inspired by the process of natural selection that belongs to the larger class of evolutionary algorithms. The algorithm repeatedly modifies a population of individual solutions by selecting individuals from the current population at each step and using them to produce the next generation. The optimization results are not identical, when the algorithm is reemployed. Therefore, the GA should be run several times, 200 times in this paper, to avoid the local optimal points. Best of these results is reported as the global optimum point. Fig. 7 shows a brief representation of the optimization process [33] , [39] . Therein the stop criteria are:  Number of the generations exceeds 1000 (Maximum number of iterations before the algorithm stops).  The relative average change in the best fitness functions is less than 10 -10 .
D. Optimization result
The analytical results of solving the optimization problem are shown in Table IV considering different weights for the objectives in four cases. In the first case, only efficiency is taken into account and consequently, efficiency is increased more than 2% compared to the initial design results. In this case, to increase efficiency, the rated voltage and current values are modified significantly. The rated current value is decreased that results in less copper loss for this case. This modification can be accepted because the PMSG has a mandatory converter that changes the PMSG output ratings to the required network input ratings. In other words, modifying PMSG ratings only change the converter rating, which is manageable.
The next three optimal designs for the power factor, voltage regulation, and PM volume have the same scenarios as the efficiency. In the fifth case, all the aforementioned objectives are considered with the same weights. It should be noted that during these five optimization procedures, the performance characteristics are in the acceptable ranges.
VI. VOLTAGE TOTAL HARMONIC DISTORTION
The EMF value for specific winding can be described as the result of magnetic interaction between the rotor and stator fields. Rotor magnets produce a rotating magnetic field in the air gap and the flux density distribution is shown in Fig. 8 . The h th space harmonic of the flux density is:
where α h is the phase angle of the h th spatial harmonic. The h th harmonic of flux linkage for phase i is described as:
Differentiating the flux linkage of phase i, the induced voltage (EMF) yields:
Considering (18), the no-load voltage amplitude for each harmonic is proportional to the product of the rotor flux density and stator winding function amplitudes for that specific harmonic. In other words, the THD of the no-load voltage can be calculated using the FFT results of the rotor flux density distribution and stator winding function.
Skewing the stator poles is a well-known method to decrease the voltage THD [32] . It can also help the machine to work with lower vibration and acoustic noise [40] . The best skew angle and coil-pitch for minimizing the voltage THD can be calculated analytically using the stator winding function and rotor flux density distributions.
The first step is to consider the skew angle (θ skew ) in the winding function analysis: It is assumed that there are x-layers cross the machine length axially with specific shift angle (θ skew /x) between them. The total winding function for each stator phase is the summation of the winding functions of all the x-layers. By increasing the x value, calculation results are more precise; however, the computational burden is unnecessarily increased.
By using (18) and adding the skewing effect to the winding function, the voltage THD can be calculated for different skewing angles (Fig. 9) . The results show that increasing the skewing angle somehow decreases the voltage's THD; however, this improvement reduces the fundamental harmonic of the winding factor and EMF. The EMF drop caused by skewing poles can be described using the skew factor: sin( 2) 2 skew skew skew pq k pq    (19) The value of skew factor is shown in Fig. 9 , where this factor creates the feasible and non-feasible areas considering 5% EMF drop as a critical boundary. The lowest voltage THD in the feasible area is 4.07% when the skew angle is 2.26 o . The winding function of phase A for 0 o and 2.26 o skew angles are depicted in Fig.10 . It is obvious that the winding function of phase A has a lower fundamental harmonic and THD value when the slots are skewed.
VII. FINITE ELEMENT METHOD
A 2D finite element method is used in the ANSYS Maxwell software with the steady state solution type to validate the results of the analytical calculation. First, the initial design PMSG is simulated and the simulation results are presented in Table II . It is clear that the simulation results are compatible with both the analytical results and experimental results from [32] . Then, the optimum generator is simulated and the simulation results are reported in Table IV , which prove the accuracy of the calculation results of the optimum design. Fig. 11 and Fig. 12 show the line-to-line voltage of the optimum PMSG in both no-load and full-load conditions respectively. In full-load condition, the voltage THD is reduced compared to the no-load condition obviously. On the other hand, the RMS value of the output voltage is decreased in full-load condition compared to the no-load condition because of the voltage drop across the generator phase impedance.
In full-load condition, the flux density distribution and the flux line of the optimum PMSG are demonstrated in Fig. 13 and as can be seen, the saturation does not occur. In addition, the simulation results for voltage THD are shown in Fig. 14 to verify the accuracy of the analytical method. The simulation results are in good agreement with the calculation results for the voltage THD in both skewed and unskewed cases.
VIII. CONCLUSION
In this paper, a design procedure for the large-scale (1.5MW) PMSG was presented for the wind power application. A complete analytical model was presented based on the winding function method to calculate the generator performance. In this model, the effect of slot, tooth tip, and end winding leakage inductances were considered and impact of the various losses such as copper, core, magnet, additional, friction and windage were taken into account to present a more complete analytical model compared to the previously used model in [38] .
An optimum PMSG was designed with 0.52% improved efficiency, 2.23% enhanced power factor, and 5.71% less required PM volume compared to the initial design using GA. Besides, a novel method to calculate the voltage THD was proposed based on the interaction between the stator and rotor winding functions. This method was utilized to compute the optimum skew angle, which resulted in reducing 31% of the voltage THD compared to the optimum unskewed PMSG. Both the experimental results from [32] and finite element analysis were used to validate the accuracy of the presented design procedure, analytical model, optimum design, and THD calculation method for the PMSG. :   Table I : input variables and assumption parameters of PMSG design Table II : the calculation and 2-D simulation results of the initial design and the experimental results 
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